Abstract-By inserting only 0.75 nm-thick Cu underlayer between the IrMn/CoFe/Cu/CoFe spin-valve stack and Ta underlayer, the MR ratio was about 1.8 times as large as that without the Cu layer. XRD and magnetic measurements suggest that the Cu "islands" formed in the initial growth stage modify the interfaces of the spin-valve, resulting in the enhancement of the spin-dependent scattering. When the Cu thickness (t) was larger than 1.5 nm, the MR ratio and coercivity of the free layer were increased and decreased, respectively, in comparison with those of t=O nm. This was due to the considerable increase in the crystallinity of the spin-valve films. Namely, Cu is expected to function as the buffer "layer" in this thickness range.
I. INTRODUCTION
Spin-valves exhibit a giant magnetoresistance (GMR) change and a linear response for small-applied fields [1] . These features are attractive for use in magnetic flux sensors. For the best application of the spin-valves, however, improving the MR ratio, coercivity (Rc) of the free layer, and exchange biasing field (Rua) is required. Namely, it is important to realize a larger MR ratio, lower Hc, and larger Rua. As such, various ferromagnetic and antiferromagnetic materials have been explored to increase the MR ratio and Rua. To decrease the Rc, double-layered structures, e.g., Co/NisoFe2o [2], have been proposed for the free layer.
The selection of a proper buffer layer is also effective to enhance the GMR effect [3] . This is because the GMR effect is strongly dependent on the crystal orientation and interface structure. To date, strong (111) texture induced by Ti, Zr, Nb, Hf or Ta buffer has been found to cause the larger MR ratio and Rua in the spin-valves [4] . It is interesting to note that the buffer metals possess different crystal structures; Nb and Ta are bcc, the other fcc. In addition, there is large differences in the lattice constant between the metals. These facts indicate that the superior MR and magnetic properties observed have no relation to an epitaxial growth of the spin-valve films. Therefore, the role of the buffer layers is expected to merely promote the layer-by-Iayer growth.
To further improve the MR and magnetic characteristics, in the present study, Cu layer was inserted between the Ta buffer layer and spin-valve stack. In this system, an epitaxial effect is expected besides the layer-by-Iayer effect of Ta, because the lattice mismatch between Cu and the components of the spin-valve is small. In addition, since Ta and Cu are mutually insoluble, the Cu islands should be prepared in the initial growth stage. Therefore, the micromodification of the interfaces using the island structure can be explored to improve the GMR characteristics [5, 6] . We report here the physical properties of IrMn/CoFe spinvalves prepared on the Cu/Ta double structured underlayers with various Cu thicknesses.
EXPERIMENTAL
Substrate used was a commercial Si(IOO) wafer with a native oxide surface. The substrate temperature during the preparation was kept at about 298 K in order to suppress interlayer diffusion. Ta (99.9% purity), C090FelO (99.9%; weight fraction), Cu (99.9%), and Ir2SMn7S (99.9%) were used as the target materials. Ta (6.5 nm)/Cu (t)/CoFe (5)/Cu (2.5)/CoFe (3)/IrMn (I5)/Ta (4) spin-valve stacks were prepared using an ion-beam sputtering apparatus whose base pressure was 3xIO' s Torr. To obtain the superior MR and magnetic characteristics, Xe instead of Ar was employed as the sputtering gas [7] ; the Xe pressure was constant at 4.IxIO· s Torr. The acceleration voltage of the ion-beam was optimized between 300 V and 700 V for each layer.
X-ray diffraction (XRD) was measured with a Rigaku RAD-2C diffractometer using CuKa radiation. The MR was measured at room temperature in a four-terminal geometry with direct current. Magnetic fields (H) of up to 500 Oe were applied. The MR ratio was determined as follows:
where ~R is the change in MR (Rmax-R(Rmax» and R(Rmax) is the MR value at the maximum measuring field.
Ill. REsULTS AND DISCUSSION Fig. 1 shows the dependence of the MR ratio and ~R on the Cu underlayer thickness (t). It is found that the MR characteristics are considerably improved by inserting thin Cu layer between the spin-valve stack and Ta buffer layer. Namely, all the Cu underlayers of t>0.25 nm increased the MR ratio, which was maximally 1.8 times as large as that
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. of t=O nm. In the Cu thicknesses of t> 1.5 nm, however, the ~R values were smaller than that without the Cu underlayer. Therefore, the increase of the MR ratio in this thickness range is concluded to be attributable to the decrease of the sheet resistance. As shown in Fig. 2 , when the Cu underlayer was thicker than 1.5 nm, the XRD intensity was increased. In addition, Hc of the CoFe free layer was decreased by about 60-85% compared to that of t=O nm (see Fig. 3 ). These findings indicate that Cu functions as the buffer "layer" in the thicknesses larger (han 1.5 nm. Therefore, the decrease of the sheet resistance, which is responsible for the larger MR ratio, is likely due to the higher crystallinity in company with the shunt to the Cu buffer layer.
In the spin-valves having the thinner Cu underlayers, there is a different reason for the increase of the MR ratio. Specifically, as shown in Fig. 2 , the peak intensity in the XRD patterns was slightly reduced by inserting Cu of 0.25<t<1.0 nm. In the thicknesses of t<O.5 nm, moreover, the Hc value was extremely larger than that of t=O nm (see Fig. 3 ). These results strongly suggest that Cu has the "island" structure in the initial growth stage, as we expected. Here, it should be noted that the ~R value also increased with the MR ratio in the Cu thicknesses of t<1.5 nm. In this respect, we believe that the Cu islands formed modify the interface structure of the spin-valves, resulting in the enhancement of the spin-dependent electron scattering. Fig. 4 shows the dependence of the MR characteristics on the thickness of the CoFe free layer. In these samples, the Cu underlayer thickness was held constant at 0.75 nm. With decreasing the CoFe thickness to 3.0 nm, the MR ratio and ~R were linearly increased. This experimental result supports our mechanism proposed for the increase of the MR ratio. Namely, the structural effects of the Cu islands to the CoFe/Cu/CoFe interfaces are enhanced in the thinner CoFe free layer. The decrease of the MR ratio at the CoFe thickness of 2.0 nm is probably due to the lack of the magnetic spins which scatter the conduction electrons.
As shown in Fig. 3 , the change in the Hua value was negligibly small all the Cu thickness. This is because that the IrMn/pinned-CoFe interface is far from the Cu underlayer. That is, the structural influence of the Cu buffer layer or Cu islands is gradually alleviated with increasing the distance from the Cu underlayer In summary, by inserting the Cu underlayer between the IrMn/CoFe/Cu/CoFe spin-valve stack and Ta buffer layer, the MR ratio was maximally 1.8 times as large as that without the Cu underlayer. In the thicknesses of t> 1.5 nm, Cu worked as the buffer layer. As a result, the decrease of the sheet resistance was concluded to be an origin of the larger MR ratio. In the initial growth stage of t<1.5 nm, the Cu islands modified the interfaces of the spin-valves, resulting in the enhancement of the spin-dependent electron scattering. The increase in the crystallinity by the Cu buffer layer also contributed to the improvement of the magnetic property, such as He of the free layer. 
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